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Abstract To understand the influence of solar wind on the daytime main layer ionosphere of Mars, we
investigated the local solar time (LST) variations of three characteristic heights of the ionosphere, namely,
the heights of the 1MHz and 1.5MHz reflection points (i.e., 1.24 × 1010m�3 and 2.79 × 1010m�3 isodensity
contours, respectively) and the density peak. We used a total of 19,996 Mars Advanced Radar for Subsurface
and Ionosphere Sounding observations distributed on the northern hemisphere, with solar zenith angle
≤80°, acquired from June 2005 to October 2013. We exploited the kernel partial least squares regression
method to extract the nonlinear relationships of the heights to LST and a few other variables. The average
height of the 1MHz reflection point decreased from ~218 km at 10:00 A.M. to ~206 km at 16:00 P.M. local
time; the height of the 1.5MHz reflection point decreased simultaneously from ~190 km to ~181 km. These
decreasing trends are in contrast to the LST variation of the density peak height, which increased from
~128 km to ~137 km over the same LST interval. Based on these findings and previous results, we suggest
that the solar wind may penetrate the Martian ionosphere down to altitudes of about 50 km above the main
density peak and may, in conjunction with the asymmetric draping of the interplanetary magnetic field,
compress the upper part of the main ionosphere layer on the P.M. side ~10 km more than on the A.M. side.

1. Introduction

The daytime Martian ionosphere is changeable with time and space, governed by dynamic solar radiation
conditions, the atmospheric environment, and the crustal magnetic fields, and is influenced by solar wind
and the interplanetary magnetic field (IMF). One manifestation is that the morphological characteristics of
the ionosphere are observed to have certain dependence on several factors. One of themost prominent factors
is the solar zenith angle (SZA), which controls the photoionization production rate of electrons and therefore
controls the peak electron density magnitude and the density peak height of the main ionosphere layer.
Specifically, as SZA increases from zero (at the subsolar point) to 90° (the near-terminator regions), the average
peak density decreases from ~1.7e+ 11m�3 to ~5.0e+ 10m�3, and the average density peak height increases
from ~130 to ~160 km; this relationship can be explained by the Chapman photoionization-recombination
theory [Hantsch and Bauer, 1990; Gurnett et al., 2005; Fox and Yeager, 2006; Gurnett et al., 2008; Morgan et al.,
2008; Withers, 2009; Němec et al., 2011, Zhang et al., 2015]. Another significant factor is the Martian seasons,
as seasonal variations of the height of the ionosphere are observed. During the spring, the lower atmosphere
is expanded because of enhanced solar heating helped by higher dust contents, and the expansionmay elevate
the ionospheric density peak by about 10 km [Zhang et al., 1990; Bougher et al., 2000; Zou et al., 2005; Gurnett
et al., 2008; Morgan et al., 2008; Zhang et al., 2015]. The peak height is also found to be linked to Martian
longitude, which is attributed to the action of the nonmigrating global thermospheric tides [Bougher et al.,
2001; Seth and Jayanthi, 2008]. The crustal magnetic anomalies, distributed mainly in the southern hemisphere
and low-latitude regions of the northern hemisphere [Acuña et al., 2001; Lillis et al., 2008], are found to complicate
the local morphology of the ionosphere. Because of magnetic trapping of the ionospheric plasma, field-aligned
“plasma cylinders”may form above the strong anomalies; along the open field lines (those connected to IMF lines),
the solar wind energetic particles input may increase the density, height, and scale height of the ionosphere to
form plasma bulges where the field lines are nearly vertical [Mitchell et al., 2001; Krymskii et al., 2002; Duru et al.,
2006; Nielsen et al., 2007; Gurnett et al., 2008]. Besides influencing the main portion of the ionosphere
(<200 km) by its energetic particles, the solar wind is considered to be a possible force generating the
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observed transient, layer-like structures in the ionosphere at altitudes of around 200 km (via Kelvin-Helmholtz
instabilities) [Gurnett et al., 2008; Kopf et al., 2008]. In the magnetic pileup region (between roughly 300–1400km
altitude), the plasma thermal pressure of the ionosphere is believed to be usually lower than the solar wind
dynamic pressure, and the ionosphere is somewhat “compressed” and permeated by the solar wind-induced
magnetic field [Nagy et al., 2004].

In this paper, we focus on the question of whether and how the morphology of the main layer ionosphere
of Mars (below ~200 km altitude) changes with local solar time (LST) if the complications caused by the
crustal magnetic fields, SZA, and longitudinal variations are minimized or removed. The answer to this
question could be important for further understanding of ionospheric behaviors. At higher altitudes
(>275 km) it is observed that the density of the planetary ions (O+) is higher on the duskside than on
the dawnside, and this asymmetry can be explained by an asymmetric IMF draping on the two sides
[Barabash et al., 2007; Dubinin et al., 2008; Roussos et al., 2008]. Another asymmetry of the Martian
ionosphere with respect to the local solar noon was observed by Safaeinili et al. [2007], who demonstrated
that the average Chapman parameters H (neutral scale height) and N0 (the peak electron density at the
subsolar point) are significantly different when estimated (extrapolated) from the dawnside and duskside
near the terminator (SZA = 60°–100°). The question remains whether the heights of the isodensity contours
in the ionosphere show similar asymmetries.

In this study, we used data from theMars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS),
which is on board the European Space Agency mission Mars Express [Picardi et al., 2004]. The data analyzed
are limited to the northern hemisphere, where the crustal magnetic fields are weak, in order to minimize the
complexity caused by the fields. Based on the selected data, we tried to reconstruct the statistical relationships
of a few characteristic heights of the ionosphere (including the density peak height and heights of a few isodensity
contours) to four independent variables: LST, season, latitude, and longitude. The SZA can be entirely represented
by three of these factors because of the following relationship [Jacobson, 1999]:

cos SZAð Þ ¼ sin L sin DS þ cos L cos DS cos Ah; (1)

where L is the latitude, DS is the angle of solar declination which determines seasons, and Ah is the local
hour angle. Our idea is to separate out the contribution of the LST variation from the total variability
of the heights in the data (the total variability is taken as a sum of the contributions from all the
independent variables). When this separation is done, we may obtain the variation trends of the heights
with LST, as well as the other three variables, whereby the asymmetric distribution of heights, if any,
may be seen. We exploited the kernel partial least squares (KPLS) regression method [Shawe-Taylor and
Cristianini, 2004] to retrieve the trends of interest. In addition, we also gained a certain development in
the data inversion technique.

The remaining parts of this paper are as follows: in section 2, the data and processing are described; in
section 3, the variability of the resultant heights is displayed, and the variation regularities extracted using
the KPLS method are then shown after a brief introduction of the method; in section 4, the results and their
implications are discussed; and in section 5, a summary and conclusions are given.

2. Data and Processing

The MARSIS instrument and data have been described by many authors [e.g., Picardi et al., 2004; Gurnett et al.,
2005; Jordan et al., 2009;Morgan et al., 2013; Zhang et al., 2015]. Up to now, the data acquired from June 2005
to October 2013 have been released to the public and provide dense, comprehensive coverage of Mars. Each
MARSIS observation is known as a frame, which records the time delays and intensities of the echoes of the
transmitted pulses (from a 40m tip-to-tip dipole antenna) at 160 quasi-logarithmically spaced frequencies
from 0.1 to 5.5MHz. A frame can be displayed as an ionogram, i.e., a plot of echo intensity as a function
of time delay and frequency. The interesting echoes for this study are those from the vertical direction.
They are usually identified visually in an ionogram [e.g., Morgan et al., 2008, 2013]. Assuming a horizontally
stratified ionosphere, the vertical echo has the shortest time delay for a given frequency, compared to
oblique echoes. The received echo frequency (f ) equals the ionospheric plasma frequency (fp) at the reflection
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point, because an electromagnetic wave propagates in a plasma if f> fp, and is reflected when f= fp [Boyd and
Sanderson, 2003]. The plasma density (N, m�3) is related to fp (Hz) by

f 2p ¼ 80:64N: (2)

For a vertical echo, the time delay (τ, s) is determined by the distance from the radar to the reflection point
and the refractive index (n) of the medium through which the wave travels, via the following equation [Boyd
and Sanderson, 2003]:

τ fð Þ ¼ 2
c ∫

zSC�z

0

dz
n f ; zð Þ ¼

2
c ∫

zSC�z

0

dzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f 2p zð Þ=f 2

q ; (3)

where c is the speed of light in a vacuum (m s�1), z is the height (m), and zSC is the spacecraft height (m). By
solving equation (2), the vertical density profile (density as a function of height) of the ionosphere from the
spacecraft position to the density peak can be determined based on the measured (f, τ) pairs. This process is
called inversion. Before inversion, data must be selected and extracted.

2.1. Data Selection and Extraction

As mentioned in the Introduction, as a first step, we selected data based on their spatial locations. The
selected data are distributed between 45°N–75°N and 50°E–350°E, as displayed in Figure 1. The data are also
restricted to SZA ≤ 80° because this SZA range serves our purpose; besides, at larger SZA (approaching the
terminator), the height of the ionosphere becomes more variable [e.g., Morgan et al., 2008]. In Figure 1, the
12.5 and 25 nT isomagnitude contours of the radial component of the crustal magnetic field at 400 km
altitude [Acuña et al., 2001] are also plotted. It can be seen that the data points are in a region of weak crustal
magnetic field (<12.5 nT). In Figure 1, the data points are color coded by LST, showing that a weak correlation
between LST and latitude exists in the data: LST tends to be late at lower latitudes. This may affect the
interpretation of the results to some extent and will be discussed in section 4.

In Figure 1 there is a total of 19,996 data points, resulting from further selection of data within the chosen
spatial and SZA region. Originally, there were about 55,800 frames in that region, from 1602 Mars Express
orbits. A further selection of data is necessary because very often, the vertical echo trace in an ionogram is
not entirely clear. Noise, interference of echoes from different points, and the MARSIS dipole characteristics
of energy decline at low sounding frequencies may obscure the echo trace [Morgan et al., 2013]. We selected
ionograms based on the following three criteria:

1. The vertical echo trace is discernible at the sounding frequency of at least 1MHz. In many ionograms, the
vertical trace is invisible at frequencies lower than 1MHz. Lowering this threshold will give an undesirably
smaller sample. Augmenting the threshold will yield a larger sample, but more information about the
ionosphere at higher altitudes will be lost.

2. The vertical echo trace shows a discernible cusp at its high-frequency end. The cusp is a phenomenon
where the echo trace bends steeply in the direction of increasing time delay. A cusp appears because,
as the sounding frequency approaches the peak ionospheric plasma frequency, the refractive index, n
in equation (1), approaches zero, and the time delay increases sharply. The cusp therefore indicates the
peak plasma frequency of the ionosphere.

Figure 1. Spatial distribution of selected frames. The local solar time for each data point is color coded as shown in the
color bar. The curves are the 12.5 (blue) and 25 nT (dark blue) isomagnitude contours of the radial component of the
crustal magnetic fields at 400 km altitudes [Acuña et al., 2001].
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3. The vertical echo trace must represent a monotonic density profile above the density peak up to the
1MHz reflection position. This requires the trace to be continuous between the 1MHz position and the
cusp on the ionogram. A monotonic density profile is demanded by the lamination inversion method
we apply later (section 2.2).

Figure 2. Examples of ionograms showing selected and eliminated data. (a) Selected data. The red dots indicate the
extracted data points; the vertical red bar indicates the extracted peak plasma frequency (2.5481MHz). The vertical
dashed line indicates 1MHz frequency positions for all four plots. (b) Eliminated because of unclear vertical echo trace
at 1MHz frequency position. (c) Eliminated because of unclear cusp of the vertical echo trace. (d) Eliminated because of
discontinuous vertical echo trace. Extra cusp indicated by the red arrow represents nonmonotonic density profile.
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Among the eliminated cases, about 90% are found to disagree with criterion (1); the rest are against
either criterion (2) or (3) with roughly equal probabilities. Figure 2 illustrates examples of selected and
eliminated ionograms.

Here we display a few more characteristics of the selected data relevant to subsequent study. Figure 3
shows distributions of the selected frames over LST, solar longitude (LS), and spacecraft altitude. The data
are relatively concentrated and nearly uniformly distributed between 9 and 16 h of LST (Figure 3a); the data
are relatively concentrated in the northern spring-summer seasons (Figure 3b). (Note that in MARSIS
data, seasons evinced by LS: LS=0°, 90°, 180°, and 270° correspond to the northern spring equinox, summer
solstice, autumn equinox, and winter solstice, respectively.) The data are of spacecraft altitudes between
333 and 1177 km (Figure 3c).

Data extraction means obtaining the peak plasma frequency and time delays for each sounding frequency
from the vertical echo trace. The peak plasma frequency is indicated by the cusp where the trace is nearly
parallel to the time delay axis, as exemplified in Figure 2a by the red vertical bar. We extracted nine, roughly
evenly spaced data points on the trace, with the first one at 1MHz (0.9951MHz to be precise, which is one

Figure 3. Occurrence frequency distributions of (a) local solar time (LST), (b) solar longitude (LS), and (c) spacecraft altitude
for all 19,996 selected frames.
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of the center frequencies of the sounding pulses) and the others at higher frequencies, as exemplified in
Figure 2a by the red dots.

2.2. Inversion

To perform the inversion, we used the lamination method, which has been expounded in detail by Morgan
et al. [2013]; meanwhile, we added to the method an adjustment measure to better adapt our data. The entire
method is described as follows.

The lamination method divides the density profile into parallel plane strata at the points where the data are
taken. The method calculates the profile points step by step beginning at the lowest frequency. Each step
uses the last calculated height and fits the measured time delay. The method requires the profile above
the density peak to be monotonic. Our data selection criterion (3) (section 2.1) pertains to this requirement.
The method also requires the in situ plasma density (at the spacecraft position) to be known or assumed
[Nielsen et al., 2006; Morgan et al., 2013]. The in situ density may be obtained by measuring the electron
plasma oscillation harmonics, which often appear in the ionogram if the spacecraft is below 600–700 km
[Duru et al., 2008, 2010]. However, we did not measure the oscillation harmonics; instead, we made reasonable
assumptions about the in situ densities. The reasons are as follows: first, the spacecraft altitudes for our selected
data are frequently (38.42%) greater than 700 km (Figure 3c). Second, it is observed that at larger altitudes
(>180 km), the plasma density is more variable than at lower altitudes, as transient layers are more often seen
[Kopf et al., 2008; Zhang et al., 2015]. For example, Figure 2a shows a layered structure at a high altitude. In this
ionogram, the lower-frequency end of the vertical echo trace bends in the direction of increasing time delay,
indicating an invisible cusp somewhere beyond this end. Such density variations will be neglected by the
monotonic profile assumption. Regarding this assumption, ameasured, accurate in situ density can be no better
than an assumed value, because the real density at the beginning heightmay not be the smallest density in the
profile if layers exist around the beginning point.

Our inversion procedure consists of two stages. The first stage is the application of the lamination technique.
In this stage, for all the frames to be processed, we assumed the in situ electron density to be constant at
6.0 × 106m�3 (fp≈ 0.02MHz), which is a proxy for the solar wind density [Krall and Trivelpiece, 1973]. From
the spacecraft position to the 1MHz reflection point (which corresponds to our first data point), the density
is assumed to increase exponentially to 1.24 × 1010m�3 (fp≈ 1MHz). Based on these assumptions, we applied
the lamination inversion technique to obtain height values corresponding to each of the extracted
data points.

The second stage is an adjustment of the heights calculated in the first stage. An adjustment is necessary
because the spacecraft height (zSC) varies over a large span (333–1177 km; Figure 3c). In this case assuming
an identical in situ density, as in the first stage, is obviously not appropriate. If a fixed in situ density is
assumed at different zSC, then for a larger zSC, the total electron content between the spacecraft position
and the real reflection point may be exaggerated, and the calculated height of the reflection point may then
be somewhat elevated to meet the measured time delay, leading to a nonphysical, positive dependence of
the calculated heights on zSC.

The adjustment procedure consists of three steps: first, we assume a fixed height value (which we call the
starting height), denoted by zSC,0, at which the 6.0 × 106m�3 density assumption is believed to be reasonable.
We assumed zSC,0 = 600 km, considering that a plasma velocity boundary was often observed near this height
[Duru et al., 2010] and that steep electron density gradients were also observed around this altitude, which
was considered to be the ionopause [Duru et al., 2009]. Moreover, numerical simulations predicted that
this height would be reasonable for the occurrence of an ionopause [e.g., Liu et al., 2001]. Second, a linear
function representing the zSC dependence of the initially calculated heights is obtained using the least
squares technique. We denote this linear function as

z ¼ ϕ zSCð Þ: (4)

Third, for each data point we calculate

z ¼ z′ þ ϕ zSCð Þ � ϕ 600 kmð Þ; (5)

where z is the adjusted height and z′ is the height before adjustment.
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We can show that the above adjustment method is theoretically feasible. To this end, we need only to prove
that the function in equation (4) is really linear. This is equivalent to the function Δz= g(ΔzSC) being linear,
where Δz= z� z0, ΔzSC = zSC� zSC,0, and z0 is the reflection point height calculated based on the spacecraft

height zSC,0. For simplicity, we denote the integrand in equation (3) as φ zð Þ ≡ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f 2p zð Þ=f 2

q
. The function

φ(z) is continuous and monotonic if fp(z)< f. Based on equation (3) we have

2
c ∫

zSC;0þΔzSC

z0þΔz
φ1 zð Þdz ¼ 2

c ∫
zSC;0

z0
φ zð Þdz ¼ τ; (6)

where φ1(z) is a function that is the same as φ(z) in form but satisfies φ1(z0 +Δz) = φ(z0) and φ1(zSC,0 +ΔzSC)
= φ(zSC,0). Let Φ1 be the primitive of φ1. Then, equation (6) yields

Φ1 zSC;0 þ ΔzSC
� �� Φ1 z0 þ Δzð Þ ¼ τ: (7)

Taking the derivative of equation (7) with respect to ΔzSC gives

dΔz
dΔzSC

¼ ∂Φ1 zSC;0 þ ΔzSC
� �

=∂ΔzSC
∂Φ1 z0 þ Δzð Þ=∂Δz ¼ φ1 zSC;0 þ ΔzSC

� �
φ1 z0 þ Δzð Þ ¼ φ zSC;0

� �
φ z0ð Þ ¼ const: (8)

Therefore, the functionΔz=g(ΔzSC) is linear. In addition, since usually 0< φ(zSC,0)≪ φ(z0), the gradient dΔz/dΔzSC
is of a small positive value and decreases with increasing fp of the data point to be adjusted.

Figure 4 illustrates the inverted heights of the 1MHz reflection point (corresponding to the first data point
extracted) before and after adjustment for all the selected frames. We see that before the adjustment
(Figure 4a) the calculated height shows a linear dependence on the spacecraft height, and the gradient is
quite small (~0.12). After the adjustment (Figure 4b), the dependency is removed. It is also obvious that if
we had assumed a fixed starting height of, for example, 500 km instead of 600 km, then the calculated height
of the 1MHz reflection point for all the frames would be lowered systematically by a constant value of about
2.5 km. This suggests that (1) the assumption about the fixed starting height can be, to some extent, arbitrary:

Figure 4. Inverted heights for 1MHz reflection point for all 19,996 selected frames (a) before and (b) after adjustment. In
Figures 4a and 4b, the red lines are the linear regression fit and r is the correlation coefficient.
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the height error caused by an inaccurate starting height is small if the inaccuracy is not too large; higher the
sounding frequency, smaller the error; (2) comparisons between the inverted heights for different frames are
not affected by the assumed value of the starting height.

For all the frames, the inversion and adjusting procedure is applied to all the data points in the same manner.
In order to calculate the height of a reflection point at any frequency other than those we extracted, we need
only to interpolate a data point between the extracted points, then perform the inversion.

In order to obtain the density peak height of the ionosphere, we fit the Chapman function using the inverted
heights, as usual [e.g., Gurnett et al., 2005; Fox and Yeager, 2006; Gurnett et al., 2008; Morgan et al., 2008;
Withers, 2009; Němec et al., 2011]. The Chapman function is

N ¼ Nm exp
1
2

1� z � zm
H

� exp � z � zm
H

� �� �� �
; (9)

where N is the electron number density (m�3), Nm is the peak density (m�3), zm is the density peak height
(km), and H is the neutral scale height (km). N is related to fp, and Nm is related to fp,m (the peak plasma

Figure 5. Scatterplot of (a) peak electron density (Nm), (b) density peak height (zm), and (c) neutral scale height (H) against
solar zenith angle (SZA) for the 19,996 selected frames. The red lines show the average values calculated in 2° SZA bins.
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frequency) by equation (2). Equation (9) can be determined in principle by two (z, fp) pairs along with an
observed fp,m. However, we used four such pairs, which have the largest fp values (corresponding to the
rightmost four points in Figure 2a), to do the fitting, by exploiting again the least squares technique. This
technique can mitigate or avoid possible ill-posed aspects of the fitting [see Zhang et al., 2015, and
references therein]. The remaining five heights (corresponding to the leftmost five data points in Figure 2a)
are not used in the fitting, because at higher altitudes (several tens of kilometers above the density
peak) where plasma transport becomes important, the density profile may deviate from a Chapman shape
[e.g., Němec et al., 2011].

Figures 5a–5c show, respectively, the scatterplots of the peak density (Nm), the density peak height (zm),
and the neutral scale height (H) against SZA. With SZA increasing from about 21° to 80°, the average Nm

decreases from 1.3 × 1011m�3 to 6.25 × 1010m�3 (Figure 5a), and the average zm increases from 128 km
to about 143 km (Figure 5b). The average H is about 12 km when SZA< 60° and increases to about
15 km at SZA = 80° (Figure 5c). These variations are in agreement with previous results [see Morgan et al.,
2008; Withers, 2009].

Figure 6. Scatterplots of latitude against east longitude for 19,996 selected frames. Heights of (a) 1 MHz reflection point
(z1 MHz), (b) 1.5 MHz reflection point (z1.5 MHz), and (c) density peak (zm) are color coded as indicated by color bar. In
this figure the largest height value is 264.22 km.
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3. Local Solar Time Variation of Ionospheric Heights

Based on the inverted data, in this section we considered variations of three characteristic heights (which we
hereafter call “the three heights”) of the Martian ionosphere, namely, the density peak height (zm) and
heights of the 1MHz and 1.5MHz reflection points, denoted as z1 MHz and z1.5 MHz, respectively. The last
two are heights of 1.24 × 1010m�3 and 2.79 × 1010m�3 isodensity contours from equation (2). These two
contours are considered to be representative of the upper part of the main layer ionosphere, relative to
the lower part, which is near the density peak. In the data, between z1.5 MHz and zm, the frequency difference
is at least 0.5MHz, because the peak plasma frequency approaches ~2MHz at SZA= 80° (about 6 × 1010m�3

in density; see Figure 5c). Our main purpose is to examine the relationships of these heights to LST. However,
we also analyzed the relationships with respect to the Martian latitude, longitude, and seasons, because
(1) along with LST, these factors all contribute to the variability of the heights, and all the contributions are
interwoven, and (2) the relationships of these factors to zm have been previously studied, which may serve
as comparisons to our results. In the following subsection we first look at the variability of the heights with
all four variables in the inverted data.

3.1. Variability of Heights in Inverted Data

Figure 6 displays the three heights in the longitude-latitude plane. In Figures 6a and 6b, no clear dependence
of z1 MHz and z1.5 MHz on latitude and longitude can be seen. In Figure 6c, an increasing trend of zm toward
the north pole of Mars is discernible, in agreement with the result of Morgan et al. [2008]. This trend may
reflect the SZA dependence of zm, as at higher latitudes, SZA tends to be larger.

Figure 7 displays the three heights in the LST-solar longitude (LS) plane. Because of a data gap between
LS= 170° and 260°, in Figure 7 the LS values are rotated by 180° in order to avoid the gap. In this figure, the
data points are distributed in “stripes,” as can be explained by equation (1) and the limited latitudinal range.
The width of the stripes along the LST direction corresponds to a 30° (=75°–45°) latitude interval. In Figures 7a
and 7b, no clear dependence of z1 MHz and z1.5 MHz on LST and LS can be seen. In Figure 7c, however, it can be
seen that zm tends to be smaller between 10:00 and 11:00 A.M. local time. This may again reflect the SZA
dependence of zm, as smaller values of SZA in our data are relatively concentrated at this LST interval.

Here we give an explanation why smaller SZA values tend to occur in the A.M. side in our data. The phenomenon
is shown in Figure 8. To explain this, we consider a very simplified situation. Suppose the spacecraft goes across
the northern latitudes on a path expressed by L= kAh, where L> 0 is the latitude, Ah is the hour angle, and k is a
constant which has the same sign as Ah to guarantee L> 0. Furthermore, we suppose that the solar declination
angle (DS) is fixed and k=1. Then, from equation (1) we have cos(SZA)= sinDS sinAh+ cosDS cos

2Ah. Letting

d cos SZAð Þ=dAh ¼ sin DS cos Ah � 2 cos DS cos Ah sin Ah ¼ 0; (10)

we obtain

sin Ah ¼ sin L ¼ sin DS= 2 cos DSð Þ; (11)

which indicates the latitude-time position of the maxima of cos(SZA) (i.e., the minima of SZA). This position is
on the morningside (Ah> 0) if DS> 0 (northern spring and summer); as time changes away from noon, the
position shifts along the path sin L = const. Our selected data happened to be acquired mostly in the
northern spring and summer (see Figures 3b and 7). The smaller values of SZA are therefore relatively
concentrated in the morning near noon (Figure 8).

The above inspections suggest that the relationships of the heights (z1 MHz, z1.5 MHz, and zm) to the other variables
are complicated, because of the superposition of multivariate variability. The relationship between zm and SZA,
which is otherwise clear both in the data (see Figure 5b) and in theory [see, e.g., Fox and Yeager, 2006; Withers,
2009], is not so clear when inspected with the SZA replaced by latitude, LS, or LST (Figures 6c and 7c). It is likely
that the relationships of z1 MHz and z1.5 MHz with LST and LS are obscured (Figures 6a, 6b, 7a, and 7b) by the
disturbances from the other variables. The relationships between the variables are mostly nonlinear. To clarify
the relationships, we need a method that is capable of isolating different nonlinear aspects from the data. The
kernel partial least squares (KPLS) regression is such a method, which has been expounded in detail by
Shawe-Taylor and Cristianini [2004]. In the next subsection (section 3.2) we briefly introduce the method
in the context of our application.
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3.2. KPLS Method

The kernel partial least squares (KPLS)
method is an extension of the linear par-
tial least squares (PLS) to the nonlinear
domain [Shawe-Taylor and Cristianini,
2004]. PLS is a regression method used
to obtain the optimal linear relation-
ships between two groups of variables.
The term optimal means that the rela-
tionship found is along the maximal
covariance direction in the multivariate
space. The maximal covariance direc-
tion is indicated by the singular vector
corresponding to the largest singular

Figure 8. Scatterplots of solar zenith angle (SZA) against local solar time
(LST) for 19,996 selected frames. Latitude is color coded as indicated
by color bar.

Figure 7. Scatterplots of solar longitude (LS) against local solar time (LST) for 19,996 selected frames. Heights of (a) 1 MHz
reflection point (z1 MHz), (b) 1.5 MHz reflection point (z1.5 MHz), and (c) density peak (zm) are color coded as indicated
by color bar. (In this figure the largest height value is 264.22 km.) The dashed circle in Figure 7c indicates the region where
zm is relatively small.

Journal of Geophysical Research: Planets 10.1002/2015JE004859

ZHANG ET AL. MARTIAN IONOSPHERE HEIGHT 1437



value of the covariance matrix. After a
relationship is extracted, the covariance
matrix is projected to the space that is
orthogonal to the previously obtained
maximal-covariance direction, and the
next relationship is then calculated in
the same manner. Iterative operations
will yield the desired number of rela-
tionships that are orthogonal to one
another. It is well known that the
regression coefficients, W, can be
expressed as W= (XTX)� 1XTY, where X
is the data of the independent variables
(n× p, n is the number of samples and p
is the number of independent variables)
and Y is the data of the dependent vari-
ables (n×m,m is the number of depen-
dent variables). The matrices XTX and
XTY are inner products of the variables,

i.e., XTY= hX,Yi and XTX= hX,Xi. Therefore, in order to obtain W, only the inner products of the variables,
rather than the variables’ values, are needed. The inner product of two vectors, xi and xj, or of any function
of them, φ(xi) and φ(xj), can be replaced by a kernel function κ, i.e., κ(xi, xj) = hφ(xi), φ(xj)i. Any function κ
can be a kernel function if it is symmetric and if the matrix, K= [κ(xi, xj)], is positive semidefinite. Thus, if an
appropriate κ(xi, xj) is used to replace hxi, xji, the information in hφ(xi),φ(xj)i is automatically taken into
account, while the concrete form of φ does not need to be known. If somehow the matrix XTX is replaced
by K and PLS is conducted, it can then be expected that any nonlinear relationships between X and Y can
be obtained, because y=φ(x) can be in any form. This is the main point of the kernel partial least squares
(KPLS). The matrix K is called the kernel matrix. The general algorithm for KPLS consists of the following
four steps:

1. The data Y is centered (i.e., each variable has zero mean), and X is standardized (i.e., each variable has zero
mean and unity standard deviation).

2. A kernel matrix, K, is generated. The elements of K are the values of a selected kernel function κ(xi, xj),
where xi and xj represent the sample values of these two variables. K is an n× n symmetric matrix because
κmust be a symmetric function. This step means embedding the data points into a “feature space”which
is expressed by the samples of the inner products hφ(xi), φ(xj)i.

3. With K replacing X, a procedure similar to that of PLS is run to obtain the regression coefficients, α. The
matrix α has the same dimensions as Y (n×m).

4. For any new data Xnew (which has at least one row and is standardized in the same way as X is), the
estimates of the dependent variables Ŷnew are calculated as Ŷnew =Knewα, where Knew has the elements
of κ(Xnew,X). This step is called prediction.

In the present application, we have four independent variables (p=4): LST, latitude, longitude, and LS, and
three dependent variables (m= 3): z1 MHz, z1.5 MHz, and zm. We have a total of n=19,996 frames, which is
too large a sample for the computations to be efficient (mainly because of the large size of the n× n kernel
matrix which consumes memory storage). To avoid this difficulty, we resampled the data. We randomly
(using a random number generator) selected 10 groups of samples from the entire data set, about 1000
(952–1044) samples from each group. The KPLS algorithm is then applied to each group separately. By
averaging the 10 outputs, the final result is obtained. This resampling measure (called Monte Carlo cross
validation [see, e.g., An et al., 2007]) facilitates the computation and enables a cross validation between the
results from different subset of the data. For each group, after the regression coefficients α are obtained,
we used X to create a new data matrix Xnew for each independent variable, in order to retrieve its relationships
to the heights by prediction. For LST, for example, we let Xnew=X. All the elements of Xnew were set to zero, but
the LST columnwasmaintained; the rows of Xnew were then sorted in an ascending order by LST to get the final
form of Xnew, which was used to perform the prediction step.

Figure 9. Relationships of heights of 1MHz reflection point (z1 MHz),
1.5 MHz reflection point (z1.5 MHz), and density peak height (zm) to local
solar time (LST), extracted using KPSL.
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There are many options for the kernel
function. In this study, we used the
Gaussian form, which is

κ xi; xj
� � ¼ exp jjxi � xjjj2=2σ2

� �
;

where σ is a parameter affecting the final
output: a small σ (close to zero) will cause
the retrieved variation trends to include
too much detail in the data, thus
complicating them, whereas a larger σ
(close to one) may render the trends
close to linear. Only one value of σ
should be used for all the data, in order
to make the different relationships
mutually comparable. Based on tests,
we choose σ =0.8, which makes the
retrieved trends of the three heights
with LST monotonic over a dominantly
large part of the LST range.

3.3. Variations of Heights Extracted Using KPLS

Figure 9 shows the variations of the three heights with LST. In Figure 9, the relationships retrieved from each
of the 10 groups of resampled data are shown as thin curves. We see that for each of the three heights
(z1 MHz, z1.5 MHz, and zm), the 10 curves are close to one another and have very similar trends, indicating that
the ~1000 resample sizes are sufficient, and the relationships found are stable. We shall see that the trends
of the heights with respect to the other parameters (latitude, longitude, and LS) extracted using KPLS are
similarly stable (Figures 10–12).

In Figure 9, it can be seen that zm increases from ~130 km at LST = 10 h to ~137 km at LST = 16 h. This is a
clearer reappearance of the trend shown in Figure 7c, which we have interpreted as being related to the
SZA dependence of zm. The most notable feature in Figure 9 is that with LST changing across the local noon,
both z1 MHz and z1.5 MHz decrease distinctly, a behavior different from that of zm. The value of z1 MHz

decreases from ~218 km at 10:00 A.M. to ~206 km at 16:00 P.M. local time, and this height is then retained
until 18:00 P.M., when the data become unavailable. Simultaneously, the value of z1.5 MHz decreases from

~190 to ~181 km, a trend similar to that
of z1 MHz. The extent of decrease of
z1 MHz is about 3 km greater than that
of z1.5 MHz. The above variation charac-
teristics of the three heights suggest
that (1) z1.5 MHz and z1 MHz are indepen-
dent of or very weakly associated with
SZA, in contrast to zm. This is consistent
with the results of Němec et al. [2011],
who observed that above ~180 km alti-
tude, the dayside ionosphere of Mars
begins to show transport-prevailing char-
acteristics, in contrast to the dominant
photoionization-recombination charac-
teristics at lower altitudes, and (2) the
upper part of the main layer ionosphere
(height >180km) is more compressed
(i.e., the isodensity contours are closer
to the density peak) in the local after-
noon than in the local morning. We shall

Figure 10. Relationships of heights of 1MHz reflection point (z1 MHz),
1.5 MHz reflection point (z1.5 MHz), and density peak height (zm) to
latitude, extracted using KPSL.

Figure 11. Relationships of heights of 1 MHz reflection point (z1 MHz),
1.5 MHz reflection point (z1.5 MHz), and density peak height (zm) to
longitude, extracted using KPSL.
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discuss the possible origin of this finding
later (section 4).

In Figure 10, we see that zm increases
from ~128km at 45°N–50°N to ~138km
at 75°N. This is a clearer reappearance of
the trend shown in Figure 6c, which we
have also interpreted as being related to
the SZA dependence of zm. From 45°N
to about 65°N, z1 MHz and z1.5 MHz remain
constant, but they both rise by about
4 km from 65°N to 75°N. These trends
are different from that of zm and will also
be discussed in section 4.

In Figure 11, we see that zm is ~2 km lar-
ger around 270°E and slightly (~1 km)
larger around 90°E than at 180°E of
the Martian longitude. It seems that
the longitudinal variation of zm has two

peaks about 180° apart. The plots of z1 MHz and z1.5 MHz show trends similar to but more distinct than that of
zm. The wave-3 (semidiurnal wave frequency) oscillations of zm as a function of longitude, reported by Bougher
et al. [2001] and Seth and Jayanthi [2008], are not detected in the present study. What is detected in Figure 11
seems to be a wave-2 (diurnal wave frequency) oscillation. This is likely because we used a large σ value for
the kernel function (σ =0.8; see section 3.2), which is favorable for detecting larger-scale variations. It appears,
in any case, that Figure 11 supports the existence of atmospheric tide effects in the Martian thermosphere.
Generally, the tide-related movements prevail in the thermosphere [Jacobson, 1999].

In Figure 12, we see that zm is higher by about 9 km during the northern winter-spring season than during
spring-summer season. As the season advances to autumn, zm rises again by about 6 km. The seasonal
variations of zm coincide roughly with that of the subsolar density peak height reported by Morgan et al.
[2008]. The plots of z1 MHz and z1.5 MHz show seasonal trends similar to that of zm, maybe because the
ionosphere is elevated as a whole from the bottom, driven by the lower atmospheric expansion due to
enhanced solar heating [e.g., Zou et al., 2005; Zhang et al., 2015].

4. Discussion
4.1. Interpretation of LST Variations of Ionospheric Heights

In section 3, we showed 12 relationships between the three heights and four independent variables using
KPLS. The variations of zm have been studied by many authors. In this respect, our results are in general
agreement with the previous results. The heights of the isodensity contours in the upper part of the main
layer ionosphere have not been specifically studied previously. Our main finding is that across the local noon,
the heights of the 1.5MHz (z1.5 MHz) and 1MHz (z1 MHz) reflection points exhibit significantly different
variations compared to that of the density peak height (zm) (Figure 9). The value of zm increases significantly
from morning to afternoon, consistent with the SZA trends in the data (Figure 8) and predictable with the
Chapman theory, whereas z1.5 MHz and z1 MHz decrease across the local solar noon, in agreement with the
notion that at higher altitudes the ionosphere is not dominated by photo production, which closely depends
on SZA. Why z1.5 MHz and z1 MHz show such trends, however, requires explanation. According to Dubinin et al.
[2008], the plasma fluxes in the magnetic pileup region show an asymmetry with respect to the local solar
noon (stronger on the duskside than on the dawnside). They explain the asymmetry as resulting from
an asymmetric draping of the IMF. They state that the draped field is stronger on the duskside than on the
dawnside, because of the 56° cone angle of the field configuration, and the difference in magnetic tension
may cause the plasma flux to be different on the two sides. We suggest that a similar explanation may be
applicable to the heights. Althoughmost of the in situ observed draping field strength is available at altitudes
greater than about 300 km [e.g., Brain et al., 2003; Akalin et al., 2010], Mars Global Surveyor (MGS) detected a

Figure 12. Relationships of heights of 1MHz reflection point (z1 MHz),
1.5 MHz reflection point (z1.5 MHz), and density peak height (zm) to solar
longitude (LS), extracted using KPSL.
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strong draped field of about 70nT at
~200km height during its aerobraking
phases [Opgenoorth et al., 2010]. The
solar wind plasma flow may penetrate
into the ionosphere at least at this height,
according to the solar wind/Mars inter-
action dynamic model by Cloutier et al.
[1969]. On the duskside, the stronger
horizontal field may impose a stronger
restriction to the upward transport of
the plasma, causing decreased z1.5 MHz

and z1 MHz on this side. Moreover, a sim-
plified analysis of the solar wind/IMF
draping configuration may show that
the induced electric fields can also be
different on the two sides. Figure 13
demonstrates this configuration. On
the northern hemisphere of Mars, the
draped field lines run from themorning-
side to the afternoonside around the
surface [Nagy et al., 2004; Kallio et al.,
2008]. Behind the bow shock, the solar
wind ion flow may remain at a velocity

on the order of 1 km/s in the antisun direction at altitudes below 200 km [Cloutier et al., 1969; Cloutier, 1970].
The v×B electric field’s (E) magnitude is greater on the P.M. side than on the A.M. side, while its direction is
downward on both sides. This E field, in conjunction with magnetic trapping, is possibly capable of balancing,
to some extent, the plasma thermal pressure and retarding the upward transport of ions more on the P.M. side
than on the A.M. side.

According to the MGS aerobraking observations, the draped field strength begins to decrease very quickly at
about 150 km height, approaching zero at about 100 km [Opgenoorth et al., 2010]. Therefore, zm, which is
around 130 km, is not (or very slightly) affected by the draped field and tends to retain its SZA variation.

Based on the above analysis, we conclude that the influence of the IMF draped magnetic field on the
ionosphere may reach altitudes of about 50 km above the density peak or lower. On the P.M. side, the
ionosphere is about 10 km more compressed than it is on the A.M. side. Since IMF is carried by the solar
wind, we may infer that the solar wind may penetrate into the Martian ionosphere down to the same
low altitudes.

According to the numerical simulations by Kallio et al. [2008], at high latitudes the draped field lines may be
less frequent at lower altitude than at low latitudes (e.g., at low latitudes the IMF lines “wrap” the planet
sphere, while directly above the north pole they are straight lines tangent to the sphere). In other words,
at high latitudes the draped field lines tend to occur at higher altitudes. This may be related to the increasing
trends of z1.5 MHz and z1 MHz with increasing latitude at high latitudes (>65°; Figure 10).

4.2. Further Remarks on Results

In the above subsection (section 4.1) we attempted to present a qualitative explanation of the height
variation regularities found. The explanation is open because of the complexity of the issue. However,
the statistically extracted variation trends of the heights are essentially reliable because they are
based on a large data set. The KPLS method has been tuned (by adjusting the σ parameter) to favor
the extraction of large-scale features, which reduces difficulty in the analysis. As we are focused on
“trends” rather than details of the height variability, many factors may be neglected without much affecting
the results. For example, we ignored the changes in the solar UV radiation strength due to rotation of the
Sun, which may cause day-to-day oscillations of the Martian ionospheric peak density [e.g., Breus et al.,
2004;Withers and Mendillo, 2005]. Such agents may be responsible for the spread of the heights around their
average trends.

Figure 13. Sketch showing solar wind and draped interplanetary mag-
netic field (IMF) effect on ionospheric plasma at about 200 km height on
northern hemisphere of Mars. The dark green arrowed curve represents
the IMF field line, the dark blue solid arrows are the vectors, the areas
of the gray parallelograms represent the magnitudes of induced electric
field, and vsw represents the solar wind velocity.
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Are the “independent” variables, which
we have considered, really independent
of one another? Dependencies between
the argument variables may in general
render the interpretation uncertain,
because the variance contributions from
mutually correlated variables are inse-
parable by KPLS. In this regard, the most
considerable is that, as mentioned in
section 2.1, LST is somewhat linked to
latitude. This is further clarified in
Figure 14, whereby a weak, negative
correlation between LST and latitude

Figure 14. Scatterplot of local solar time (LST) against latitude for the 19,996
selected frames, showing weak correlation between the two variables.

Figure 15. Scatterplot of height of (a) the 1MHz reflection point (z1 MHz), (b) 1.5 MHz reflection point (z1.5 MHz), (c) electron
density peak (zm), and (d) solar longitude (LS) against the local solar time (LST), extracted from 672 MGS RS electron
density profiles [Tyler et al., 2006]. The green curves in Figures 15a–15c indicate 30-point running window averages.
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can be perceived. However, the dependency in Figure 14 does not affect the results. If, for instance, the largest
values of z1.5 MHz and z1 MHz are partially due to higher latitudes, this does not contradict the LST dependence
of these heights nor modify the interpretations in section 4.1.

In order to examine the extracted LST variation trends, we also inspected the MGS radio science (RS) data
[Tyler et al., 2006]. Among the total of 5126 MGS electron density profiles, 672 are within our chosen latitude,
longitude, SZA, and LST scope. From each of these profiles, we extracted the z1.5 MHz, z1 MHz, and zm, as
shown in Figure 15. Note that before the extraction of z1.5 MHz and z1 MHz, a five-point running window
average is conducted for each of the profiles, because at high altitudes (>180 km) the electron density usually
changes severely with height. From Figure 15, we see that between 12 and 13.6 h local solar time, z1 MHz

(Figure 15a) and z1.5 MHz (Figure 15b) exhibit decreasing trends with LST, while zm remains constant
(Figure 15c). These seem to resemble those in Figure 9, where z1 MHz and z1.5 MHz decrease across
the local noon while zm does not. After 13.6 h, z1 MHz and z1.5 MHz appear to be irregular. The cause of
these irregularities is unclear, but they may be related to the large seasonal scope involved (shown in
Figure 15d). Since these MGS data were acquired in local seasons that are different from those of our selected
MARSIS data (cf. Figure 12), further analysis is not attempted here.

5. Summary and Conclusions

Based on the MARSIS active ionosphere sounding data, we investigated the variation regularities of the
1.24 × 1010m�3 and 2.79 × 1010m�3 isodensity contours (corresponding to the 1MHz and 1.5MHz reflection
points, respectively) and the density peak of the daytime main layer ionosphere of Mars. We used the kernel
partial least squares regression method to extract nonlinear relationships of the heights with changing local
solar time (LST) and three other factors, namely, the Martian latitude, longitude, and seasons. We found that
the average height of the 1MHz reflection point decreases from ~218 km at 10:00 A.M. local time to ~206 km
at 16:00 P.M., and simultaneously, the height of the 1.5MHz reflection point decreases from ~190 km to
~181 km. These decreasing trends with LST are in prominent contrast to the LST variation of the density peak
height, which increases from ~128 km to ~137 km over the same local time interval. For these findings, we
suggest a physical explanation inspired by one of the previously observed asymmetric distributions of ion
flux at larger altitudes (>270 km) [e.g.,Dubinin et al., 2008]. We suggest that the solar windmay penetrate into
the Martian ionosphere down to altitudes of about 50 km above the main density peak. The solar wind, in
conjunction with the asymmetric draping of the interplanetary magnetic field (IMF) across the local solar
noon, may compress the upper part (around 200km height) of the main layer ionosphere on the P.M. side more
than on the A.M. side. This explanation is in accordance with the dynamic solar wind/Mars interaction model
proposed by Cloutier et al. [1969]. Concerning the heights of the 1MHz and 1.5MHz reflection points, we also
show that (1) their longitudinal distributions show two peaks ~180° apart, probably a diurnal oscillation driven
by the nonmigrating atmospheric tides; (2) their latitudinal distributions are constant between latitudes of
45–65° but increased by about 4 km at higher latitudes (>65°); and (3) their seasonal variations are similar to
that of the density peak height, which is relatively high in the northern spring, in general agreement with
the existing notion that the ionosphere may be elevated in bulk by enhanced solar heating of the lower
atmosphere. For inversion of the height profile of the ionosphere from the MARSIS measurements, we
developed an adjustment technique on the basis of the existing lamination method. The adjustment
technique may facilitate the inversion in situations where the in situ plasma densities are unavailable, the
real profiles are not monotonic, and a large range of spacecraft height is involved when a large number
of measurements must be processed.
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